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Regulation of vitamin D metabolism alters with age. The present study is undertaken to investigate if the loss of renal 1,25-
dihydroxyvitamin D3 (1,25(OH)2D3) production in response to dietary phosphate (P) restriction in adult rats is due to an alteration in the renal
expression of 25-hydroxyvitamin D3 1-alpha hydroxylase (1-OHase). Young (4–6 weeks old) and adult (12–14 weeks old) male Sprague
Dawley rats were fed either normal P (NPD) or low P diet (LPD) for 0–5 days. Basal expression of 1-OHase protein was higher in adult rats.
Young rats, but not adult rats, significantly increased 1-OHase protein and mRNA expressions in response to LPD in a time-dependent
manner. To determine if the stability of renal 1-OHase protein changes with LPD feeding, young and adult rats fed either NPD or LPD for 5
days were injected intravenously with cycloheximide (CHX), a protein synthesis inhibitor. CHX decreased 1-OHase protein expression in
young rats fed NPD. However, CHX did not alter 1-OHase protein expression in young rats fed LPD nor in adult rats fed either diet. The
results indicate that the stability of renal 1-OHase protein increased with age and that LPD increased its stability only in young rats.D 2003 Elsevier B.V. All rights reserved.Keywords: 25-Hydroxyvitamin D3 1-alpha hydroxylase protein; CYP27B mRNA expression; Aging; Low phosphate diet (LPD); Renal proximal tubule1. Introduction
The age-related alteration of vitamin D metabolism was
thought to be one of the contributing factors in the patho-
genesis of Senile (Type II) osteoporosis. The decrease in
renal 1-OHase activity with age decreases 1,25(OH)2D3
production and vitamin D-dependent intestinal calcium
(Ca) absorption [1,2]. The resulting negative Ca balance
contributes to the development of secondary hyperparathy-
roidism and excessive bone loss in aging [3]. The age-
related alteration in serum 1,25(OH)2D3 has been well
documented in animal models by us and others [4–10].
However, the underlying mechanism for the age-related
decrease in 1-OHase activity is not known.
Dietary P restriction is a potent stimulus for renal 1-
OHase [11]. The up-regulation of renal 1-OHase by low P
diet (LPD) is dependent on growth hormone or insulin-like0925-4439/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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E-mail address: bcmswong@polyu.edu.hk (M.-S. Wong).growth factor I (IGF-I) [12,13], but independent of parathy-
roid hormone (PTH) [14]. In young rats, there is an adaptive
increase in 1-OHase activity, circulating 1,25(OH)2D3 levels,
and intestinal P transport during LPD [11,14,15]. However,
the adaptive increase in renal 1,25(OH)2D3 production
during LPD [9] is reduced in adults rats. Adult (3–4 months
old) and aged (24 months old) rats also fail to increase renal
1,25(OH)2D3 production in response to PTH stimulation [8]
or low Ca diet (LCD) [10]. Our previous data indicated that
the loss of renal 1-OHase response to PTH stimulation does
not occur at the level of protein kinase A or protein kinase C
activation [8]. It is unclear whether the age-related defect in
1-OHase activities occurs at the level of posttranslational
modification of the enzyme, induction of protein or gene
expression.
The recent cloning of the mammalian renal 1-OHase
(P4501a) [16–20] permits the study of regulation of renal
1-OHase by PTH [17,19], Ca ion [21], LCD [17] and
calcitonin [20] at the mRNA level. The renal and extrarenal
localizations of the enzyme in human renal tissue have been
characterized by Zehnder et al. [22] using an antibody raised
Table 1
Effect of LPD feeding (0.6% Ca, 0.1% P) on serum P, Ca and 1,25(OH)2D3 levels in young and adult rats
Days of LPD Young rats Adult rats
treatment
Serum P
(mg/dl)
Serum Ca
(mg/dl)
Serum 1,25(OH)2D3
(pg/ml)
Serum P
(mg/dl)
Serum Ca
(mg/dl)
Serum 1,25(OH)2D3
(pg/ml)
0 11.4F 0.3 9.9F 0.2 43.5F 5.4 7.8F 0.8 10.6F 0.6 31.6F 5.5
3 7.4F 0.3a 10.4F 0.3 206.4F 14.5b 3.8F 0.2a 9.5F 0.1 73.0F 15.4
5 6.5F 0.6a 10.4F 0.1 162.3F 21.9b 4.1F 0.5b 9.9F 0.1 110.8F 10.1c
Serum P, Ca and 1,25(OH)2D3 levels were measured from rats fed with either NPD (day 0 of LPD feeding) or LPD (day 3 or day 5).
Results were obtained from two separate experiments, where n= 4 to 6. Values were reported as meanF S.E. Mean difference was compared by one-way
ANOVA. A p value of < 0.05 was considered statistically significant.
a P < 0.001, compared with NPD group within the same age group.
b P< 0.005, compared with NPD group within the same age group.
c P < 0.01, compared with NPD group within the same age group.
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cently, Yoshida et al. [23] and Zhang et al. [24] have
demonstrated that LPD induces 1-OHase mRNA expres-
sion, and the induction can be abolished by hypophysecto-
my. Furthermore, Tenenhouse et al. [25] have clearly shown
that the regulation of 1-OHase mRNA during LPD does not
require normal functioning of the renal sodium/phosphate
cotransporter.
In the present study, we aim to study the mechanism
involved in the age-related alteration of vitamin D metab-
olism using dietary P restriction as a stimulus. Specifically,
we have determined whether the blunted stimulation of
renal 1-OHase in adult rats was due to altered LPD
induction of protein and/or gene expression of the enzyme.
The responses of renal 1-OHase expression to LPD in
young and adult rats were compared. Results in the present
study demonstrated that the LPD induction of renal 1-
OHase protein and mRNA expression in young rats were
absent in adult rat. In addition, in order to determine
whether the increase in 1-OHase responses to LPD in young
rats [9] was due to a change in protein stability of the 1-
OHase enzyme, an in vivo mechanistic study was performed
by administration of cycloheximide (CHX), a protein syn-
thesis inhibitor, to young and adult rats fed either normal P
diet (NPD) or LPD. We found that LPD enhanced the
stability of 1-OHase protein in young rats but not in adult
rats.Fig. 1. Western blot analysis of 1-OHase protein expression in rat renal
proximal tubules. Fifty micrograms of human proximal tubule cell (HKC-8)
and rat renal proximal tubule cell lysates was fractionated by 7.5% SDS-
PAGE and transferred onto a PVDF membrane. The transblot was probed
with anti-mouse 1-OHase antibodies in the absence ( ) (1A) or presence
(+) (1B) of a 100-fold excess of immunizing peptide. 1-OHase protein band
around 56.4 kDa for rat sample and 55.8 kDa for human HKC-8 cell lysate
is observed on the membrane.2. Materials and methods
2.1. Animals and diet
Male Sprague Dawley rats weighing 125–175 g (young,
4–6 weeks old) and 320 to 375 g (adult, 12–14 weeks old)
were fed either NPD (0.6% Ca, 0.65% P) or LPD (0.6% Ca,
0.1% P) ad libitum (Harlan Teklad, Wisconsin, USA) for a
time course up to 5 days. All studies were conducted
according to the principles and procedures as described in
the NIH Guide for the Care and Use of Laboratory Animals.
Serum Ca, P (Sigma, St. Louis, USA) and 1,25(OH)2D3
levels (Immundiagnostik, Bensheim, Denmark) were mea-sured using commercial kits. In the 1-OHase stability
studies, CHX (0.3 mg/100 g body weight) or its vehicle
(0.9% NaCl) was administrated intravenously to young and
adult rats fed either NPD or LPD for 5 days. The rats were
sacrificed at 0, 1, 2, 4, 6 h after CHX injection. Based on a
previous study by Alessenko et al. [26], this dosage of CHX
would inhibit 95% of hepatic protein synthesis 1 h after its
administration.
2.2. Immunoblotting
Chemicals were obtained from Sigma, unless stated
otherwise. Renal proximal tubules were prepared as previ-
ously described [9]. Renal proximal tubule cells were lysed
in Nonidet P-40 buffer (20 mM Tris–HCl, pH 7.5, 150 mM
NaCl, 1 mM sodium orthovanadate, 1 mM CaCl2, 1 mM
MgCl2, 10% glycerol and Nonidet P-40) containing protease
inhibitors (2 Ag/ml leupeptin, 2 Ag/ml aprotinin, and 1 mM
phenylmethysulfonyl fluoride). Protein content of lysates
was determined by the Bradford method (Bio-Rad Labora-
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fractionated by SDS-polyacrylamide gel electrophoresis
(PAGE) as previously described [27]. Proteins were elec-
tro-transferred onto a polyvinylidene difluoride membrane
(PVDF, Immobilon-P, Millipore Corp., MA, USA). Mem-
branes were blocked with 5% skimmed milk in Tris-buff-
ered saline with Tween-20 (TTBS, 20 mM Tris, 500 mM
NaCl, pH 7.5 containing 0.05% Tween-20). They were then
incubated with polyclonal sheep anti-mouse 1-OHase anti-
body raised against an antigenic region of the reported
mouse amino acid sequence (peptide 266 to 289) [16] at a
1:500 dilution in TTBS containing 1% BSA as the primary
antibody, followed by incubation with donkey anti-sheep
antibody conjugated with horseradish peroxidase (1:20000)
in TTBS containing 1% BSA as the secondary antibody.
Both antibodies were obtained from The Binding Site Ltd.,
Birmingham, UK. Control experiment was included toFig. 2. Expression of 1-OHase protein in renal proximal tubule in young (4–6 wee
Ca, 0.1% P). (A) Western blot analysis and Coomassie brilliant blue staining of the
Upper panel: Western blot analysis; samples (50 Ag/lane) were fractionated on a 1
was detected by using sheep anti-mouse antibody. Number of days for LPD treatm
and are indicated as day 0. Lower panel: Coomassie brilliant blue staining of the im
of renal 1-OHase in young and adult rats fed either NPD (day 0) or LPD (day 3
changes with reference to 1-OHase protein expression level in young rats fed NPD
by an internal control, the cell lysate from HKC-8 cell, for comparison between dif
rats, increased the expression of 1-OHase protein significantly in response to day
average from two separate experiments. n= 7 per group. aP < 0.005 vs. young ratverify the identity of 1-OHase protein band where primary
antibody was preabsorbed with a 100-fold excess of the
immunizing peptide (Genemed Synthesis, Inc., South San
Francisco, CA, USA). A positive control using human
proximal tubule (HKC-8) cell lysate (prepared as described
by Bland et al. [21]) was also included in the experiments.
Besides 1-OHase, cyclin D3 protein was also detected by a
monoclonal mouse anti-cyclin D3 antibody (Sigma) as the
first antibody and a goat anti-mouse IgG antibody conju-
gated to horseradish peroxidase (Cell Signaling Technology,
Inc., MA, USA) as the secondary antibody with a dilution of
1:4000 and 1:2000, respectively. Signals of the protein
bands were detected by the enhanced chemiluminescent
assay (ECL, Pierce, IL, USA) and visualized by the Lumi-
Imager with the software Lumi Analyst version 3.10
(Roche, Mannheim, Germany). In order to compare the
results obtained from different blots, HKC-8 cell lysateks) and adult (12–14 weeks) rats fed NPD (0.6% Ca, 0.6% P) or LPD (0.6%
proximal tubules cell lysates for young and adult rats under LPD treatment.
0% SDS-PAGE and transferred onto a PVDF membrane. 1-OHase protein
ent is indicated in each lane. NPD treated samples were included as control
muoblot showing equal loading of each sample. (B) Protein expression level
and day 5). The protein expression level was reported as number of fold
. The densitometric reading of 1-OHase protein expression was normalized
ferent blots as described in Materials and methods. Young rats, but not adult
5 of LPD feeding. Values were reported as meanF S.E. Results were the
s fed NPD. bP< 0.005 vs. NPD group within the same age group.
Fig. 3. Expression of 1-OHase mRNA in renal proximal tubule in young
(4–6 weeks) and adult (12–14 weeks) rats fed NPD (0.6% Ca, 0.6% P) or
LPD (0.6% Ca, 0.1% P). (A) RT-PCR analysis of renal 1-OHase and
GAPDH mRNA expression in young and adult rats in response to NPD
(day 0) and LPD for 3 and 5 days visualized by ethidium bromide staining.
(B) 1-OHase mRNA expression (expression is shown as a ratio of 1-OHase/
GAPDH) in young and adult rats fed either NPD (day 0) or LPD (day 3 and
day 5). The expression of 1-OHase mRNAwas up-regulated by threefold in
young rats upon 3 days of LPD, but unchanged in adult rats during the LPD
treatment. Values were reported as meanF S.E. Results were the average
from two separate experiments. n= 3–6 per group. aP < 0.001 vs. young
rats fed NPD. bP< 0.01 vs. NPD group within the same age group.
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OHase protein signals from individual rats as detected in
different blots. Transferred membrane was also stained with
Coomassie brilliant blue after immuno-detection. The inten-
sities of the protein bands for different lanes were compared
to ensure that samples under different treatment were
equally loaded for comparison.
2.3. RT-PCR analysis of renal 1-OHase expression
Total RNAwas isolated using Trizol reagent according to
the manufacturer’s instructions. For semi-quantitative com-
parison of 1-OHase gene expression, cycle responses of RT-
PCR for both 1-OHase and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) genes were performed to ensure
quantification of the amplified product in the exponential
phase. GAPDH is a housekeeping gene and is used as an
internal control gene for each sample to normalize variations
in RNA template loading. The 1-OHase product was gen-
erated by GeneAmp 9600 PCR system (Perkin Elmer,
Foster City, CA, USA) using the forward primer: 5V-AAGG-
CAGCTGTCATCATCTCTC-3V corresponding to base
1538–1559 and reverse primer: 5V-GATAGACCATGG-
CAGGAGATAG-3Vcorresponding to base 2117–2138. The
co-amplified GAPDH product was generated by using the
following primers—forward primer: 5V-GGTGAT-
GCTGGTGCTGAGT-3V corresponding to base 327–345
and reverse primer: 5V-TCCACGATGCCAAAGTTGT-3V
corresponding to base 561–580. All primers were obtained
fromGenemed Synthesis, Inc. The samples were denatured at
95 jC for 3 min and cycled at 95 jC for 1 min, 53 jC for 30 s
and 72 jC for 1 min for 17–30 cycles and final extension was
carried out at 72 jC for 7 min. Preliminary studies indicated
that 23 PCR cycles is optimal for the coamplification of both
1-OHase andGAPDHmRNA expression. To determine if the
optimized PCR condition can be used for semi-quantitative
comparison of input samples, serial dilutions of an input
sample template were subjected to 23 PCR cycles for co-
amplication of both 1-OHase and GAPDH. The result con-
firmed that the intensities of the ethidium bromide stained-
PCR products are proportional to the amount of input sample
template. The bands of predicted size (600 bp for 1-OHase
and 253 bp for GAPDH) were sequenced by using ABI
PRISMR BigDyek Terminator Cycle Sequencing Ready
Reaction Kit on an ABI 310 DNA sequencer (Perkin Elmer).
The 1-OHase mRNA level is expressed as a ratio of densi-
tometric reading of ethidium bromide-stained 1-OHase PCR
product to densitometric reading of ethidium bromide-stained
GAPDH PCR product.
2.4. Statistical analysis
Data are reported as the meanF standard error of mean
(S.E.). Differences among groups were analyzed by one-
way analysis of variance (ANOVA) with a Tukey’s post-hoc
test for multiple group comparison. A P value of < 0.05 wasconsidered statistically significant. Regression analysis was
performed by using Prism version 3 (GraphPad Software for
Science, San Diego, CA, USA).3. Results
Dietary P restriction was used as the stimulus to evaluate
its effect on mineral homeostasis. Both young (4–6 weeks
old) and adult (12–14 weeks old) male Sprague Dawley rats
were fed with LPD for 0 to 5 days. In both cases, young and
adult rats fed 5 days of NPD were regarded as LPD rats at
day 0 of phosphate restriction. The effects of LPD on serum
Ca, P and 1,25(OH)2D3 in both groups are shown in Table
1. After 5 days of LPD feeding, serum P rapidly declined
from 11.4F 0.3 to 6.5F 0.6 mg/dl (P < 0.001) and from
7.8F 0.8 to 4.1F 0.5 mg/dl (P < 0.005) in young and adult
rats, respectively. Serum Ca levels remained unchanged in
both young and adult rats fed LPD. Serum 1,25(OH)2D3
level increased significantly from the basal level of
43.5F 5.4 to 206.4F 14.5 pg/ml on day 3 (P < 0.005)
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treatment in young rats. However, a delayed increase in
serum 1,25(OH)2D3 level was found in adult rats after 5
days of LPD treatment, where it was increased from
31.6F 5.5 pg/ml at baseline to 110.8F 10.1 pg/ml
(P < 0.01) after 5 days of LPD treatment.
1-OHase plays an important role in the control mecha-
nism of 1,25(OH)2D3 production. However, the analysis of
the mechanism is difficult due to its low expression and
activity of 1-OHase in normal tissue. The recent develop-
ment in cloning of cDNA for 1-OHase in several species has
facilitated the study of 1-OHase expression as specific
antibody against 1-OHase could be generated. The effect
of LPD on 1-OHase expression in both rat groups was
evaluated through immunoblotting analysis. The polyclonal
sheep anti-mouse antibody used reveals single band in
human proximal tubule cells line (HKC-8) as shown by
Bland et al. [21] and in our preparation. However, it shows
multiple bands in human kidney tissue samples [22] and in
our rat proximal tubule cells lysate preparation. Immunoblot
in Fig. 1A revealed a band around the position of 56 kDa for
both human proximal tubule cell lysate (HKC-8) (55.8 kDa)
and rat renal proximal tubule cell lysate (56.4 kDa)
corresponding to the expected size of 1-OHase cytochrome
P450 protein. An additional band with a smaller size around
45 kDa was also observed for rat renal proximal tubule cell 
 
Fig. 4. Effect of cycloheximide (CHX, 0.3 mg/100 g body weight) on 1-OHase an
weeks) and adult (12–14 weeks) rats fed NPD (0.6% Ca, 0.6% P) or LPD (0.6%
lysates for young and adult rats after CHX treatment. Samples (50 Ag/lane) were f
(A) Cyclin D3 protein was detected by using a monoclonal anti-mouse antibody. (
hours for CHX treatment is indicated in each lane. (Bottom panel) Time-course (0
intravenous injection of a single dose of CHX (0.3 mg/100 g body weight) or its v
AND) or LPD (YLPD5, ALPD5), respectively. The protein expression level was
young rats fed NPD without CHX treatment. The densitometric reading of 1-OHase
cell lysate from HKC-8 cell, for comparison between different blots as described
group. *P < 0.05 vs. rats with zero hour of CHX administration in their correspondi
corresponding groups for all the four treatment groups (YND, YLPD5, AND andlysate. To verify the identity of 1-OHase in rat samples,
primary antibody was preabsorbed with 100-fold excess of
immunizing peptide. From Fig. 1B, it was indicated that the
band around 56 kDa was completely eliminated whereas
there was no effect on the smaller protein species. Thus,
protein band at 56.4 kDa in rat proximal tubule cell lysate
was identified as the 1-OHase protein as it has a relative
molecular mass that agrees with its predicted molecular
mass [28] and it is preferentially blocked with the immu-
nizing peptide.
As the identity of the 1-OHase is confirmed, the relative
response of 1-OHase protein expression to LPD in young
and adult rats could be compared by using young rats fed
NPD as the reference. In order to compare expression level
obtained from different blots, an internal control, a pooled
HKC-8 cell lysate, was loaded in each gel. The densitometry
reading of 1-OHase protein band in HKC-8 cell lysate was
used for normalization of the reading from each sample.
Membrane was also stained with Coomassie brilliant blue to
ensure samples were equally loaded and the differences
observed between the samples were due to different treat-
ment (Fig. 2). Renal proximal tubule 1-OHase protein
expression levels were different between young and adult
rats. Adult rat fed NPD has a higher basal level of 1-OHase
protein expression when compared to that of young rats fed
NPD (P < 0.005) (Fig. 2A and B). In young rats, the level of 
d cyclin D3 protein expression in renal proximal tubules from young (4–6
Ca, 0.1% P). (Top panel) Western blot analysis of the proximal tubules cell
ractionated on a 10% SDS-PAGE and transferred onto a PVDF membrane.
B) 1-OHase protein was detected by sheep anti-mouse antibody. Number of
–6 h) responses of cyclin D3 (4C) and 1-OHase (4D) protein expression to
ehicle (0.9% NaCl) in young and adult rats fed 5 days of either NPD (YND,
reported as number of fold change with reference to the expression level in
and cyclin D3 protein expression was normalized by an internal control, the
in Materials and methods. Values were reported as meanF S.E. n= 4 per
ng groups. **P < 0.01 vs. rats with zero hour of CHX administration in their
ALPD5).
Fig. 5. Plot of 1-OHase protein (A) and mRNA (B) expressions of
individual rats as a function of serum P level for young (o, solid line) and
adult (., dashed line) rats fed NPD (day 0) or LPD for 3 and 5 days.
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dependent, with a significant increase (2.5 folds) at day 5 of
LPD (P < 0.005) (Fig. 2A and B). However, renal proximal
tubule 1-OHase protein expression remained unchanged in
adult rats during 5 days of LPD feeding (Fig. 2A and B).
The effect of LPD on renal 1-OHase mRNA expression
in young and adult rats was also determined. LPD increased
renal 1-OHase mRNA expression in young rats in a time-
dependent manner (Fig. 3A) with a maximal adaptation by
day 3 of LPD. 1-OHase mRNA levels increased threefold in
young rats fed LPD (vs. NPD, P < 0.01) and returned to
basal level by day 5 of LPD. The expression level of 1-
OHase mRNA was lower in adult rats at baseline
(P < 0.001) and remained unchanged during 5 days of
LPD (Fig. 3B).
Our results indicate that there is a discrepancy in the
time response of renal 1-OHase protein and mRNA ex-
pression to LPD in young rats. We have found that 1-
OHase protein expression level was increased on day 5 of
LPD while the level of 1-OHase mRNA expression
returned to its basal level. As an increase in expression
level of a specified protein could be the result of either an
increase in rate of protein synthesis or a decrease in rate of
protein degradation, we asked if the increase in 1-OHase
protein expression on day 5 of LPD was caused by an
alteration of 1-OHase protein stability. Young and adult
rats fed with either 5 days of NPD or LPD were injected
intravenously with CHX, a protein synthesis inhibitor to
determine the in vivo stability of 1-OHase protein. In the
absence of de novo protein synthesis, monitoring of the
expression level of a specified protein over a period of
time will allow us to compare the stability of the protein
under different conditions, i.e. the expression level of a
more stable protein (lower degradation rate) will be de-
creased slower than that of a less stable protein (high
degradation rate). The success of analysis of the result
relies on the proper administration of CHX to the rats. To
confirm if CHX was properly injected, protein expression
of cyclin D3, an essential protein that involved in cell
proliferation and terminal differentiation [29,30], was mon-
itored simultaneously with 1-OHase. Fig. 4A and C clearly
showed that expression of cyclin D3 protein decreased
significantly in all CHX-treated rat groups (YND, YLPD5,
AND and ALPD5), indicating that CHX administration
was able to inhibit the synthesis of cyclin D3 protein in all
rat groups. In addition, the result suggests that cyclin D3
protein was relatively unstable. Up to 70% of the cyclin
D3 protein was degraded (P < 0.01) in young rats fed LPD
for 5 days within the first hour of CHX treatment (Fig.
4C). A similar trend was also observed for the other
groups.
The in vivo stability of 1-OHase protein in rats was
found to be age- and P-dependent (Fig. 4B and D). Under
normal P condition, renal 1-OHase protein expression
decreased gradually in young rats within 6 h of CHX
injection while its expression in adult rats remained un-changed. Results suggested that renal 1-OHase protein was
more stable in adult rats than young rats fed NPD. Upon
LPD treatment, renal 1-OHase protein expression in young
rats remained unchanged within 6 h of CHX injection,
suggesting that LPD increased the in vivo stability of renal
1-OHase protein in young rats. In contrast, the expression of
renal 1-OHase protein upon CHX treatment was not differ-
ent between adult rats fed either NPD or LPD. This indicates
that LPD does not alter the in vivo stability of 1-OHase
protein in adult rats.
The plot of serum P against renal 1-OHase protein and
the plot of serum P against renal 1-OHase mRNA expres-
sion in young and adult rats are shown in Fig. 5A and B,
respectively. There is a significant reciprocal relationship
between serum P and 1-OHase protein expression in young
rats [1-OHase protein = 4.59+( 0.31F 0.07) Serum P,
r2 = 0.68, P < 0.001] in both day 3 and day 5 of LPD
feeding, but not in adult rats. A strong inverse relationship
between serum P and 1-OHase mRNA expression was also
found in young rats upon 3 days of LPD feeding [1-OHase
mRNA= 5.87+( 0.45F 0.10) Serum P, r2 = 0.74,
P < 0.005], but not in adult rats. The latter relationship
was lost in 5 days of LPD feeding in both age groups.
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The results of the present study indicate that the adaptive
responses of vitamin D metabolism to dietary P restriction in
young and adult rats are different. In contrast to the robust
increase in 1-OHase mRNA and protein expression in
young rats, adult rats fed the same P restricted diet failed
to increase 1-OHase mRNA, or protein content. These
results are in line with our previous report that no adaptive
increase in 1-OHase activities occurs either in vivo or in
vitro in renal proximal tubule cells [9]. Results of this study
also indicate that LPD enhances the in vivo stability of 1-
OHase proteins in young rats but not in adult rats, suggest-
ing that the mechanism involved in up-regulation of 1-
OHase protein in young rats during LPD was not found in
adult rats. The results also demonstrated that renal 1-OHase
protein expression increased with age and the increase in
expression might be the result of an enhancement of its
protein stability with age.
Renal adaptation of 1-OHase to dietary mineral restric-
tion is crucial for maintaining Ca and P balance and hence
the maintenance of bone health. In young growing rats, the
prompt increase in renal 1,25(OH)2D3 production in re-
sponse to dietary mineral restriction increases vitamin D-
dependent intestinal absorption of Ca and P. Our previous
studies indicated that adult rats (12 weeks of age) were
unable to increase renal 1,25(OH)2D3 production in re-
sponse to LPD [9] and LCD [10]. The present study
confirms that the loss of renal 1-OHase responses to LPD
occurs in rats as early as 3 months of age. The altered
responsiveness of 1-OHase regulation to LPD in adult rats
may be part of a developmental program that changes as
mineral requirements change with maturation. And that the
adaptive increases in 1-OHase activity are altered well
before other manifestations of aging appear.
The regulation of basal 1-OHase protein and mRNA
expression in young and adult rats fed NPD appears to be
different. Young rats have lowered level of 1-OHase
protein expression (Fig. 2, P < 0.005) and higher level
of 1-OHase mRNA expression (Fig. 3, P < 0.001) than
adult rats. However, the exact mechanism involved in the
age-related alteration in regulation of 1-OHase protein and
mRNA expression remains to be determined. In addition,
the increase in both mRNA and protein expression of 1-
OHase in young rats in response to LPD are no longer
observed in adult rats. As shown in Fig. 5A and B, the
inverse relationships between serum P and renal 1-OHase
protein and mRNA expression are lost in adult rats fed
LPD. These results were in line with our earlier obser-
vations [8] that the relationship between serum P and
renal 1,25(OH)2D3 production in young rats is lost with
aging. Thus, hypophosphatemia alone is insufficient to
up-regulate 1-OHase protein and mRNA expression in
adult rats. However, as the proximate stimulus for in-
creased 1-OHase gene expression during LPD is not
known, the age-related change in either signaling eventsor processes that influence its expression in adult rats
remains unknown.
Our in vivo mechanistic study provided further insights
into the understanding of the age-related change in renal 1-
OHase regulation. We have found that renal 1-OHase
proteins were stable in adult rats as CHX treatment did
not cause any reduction in 1-OHase protein expression level
in adult rats fed either NPD or LPD (Fig. 4). This result
might explain why adult rats have a higher basal expression
level of 1-OHase protein than young rats. However, it is
unclear why higher expression and higher stability of 1-
OHase proteins are found in adult rats than in young rats fed
NPD. Nevertheless, the present study demonstrated that one
of the mechanisms involved in LPD up-regulation of 1-
OHase protein expression in young rats, namely, the en-
hancement of protein stability of 1-OHase, was no longer
operating in adult rats.
Our present study shows that the basal expression of 1-
OHase protein is higher in adult rats than in young rats; and
in response to LPD, its expression in young rats is increased
to the basal level found in adult rats (as shown in Fig. 2A
and B). In contrast, our previous study demonstrated that
adult rats had basal 1-OHase activities similar to that of the
young rats and 1-OHase activities increased to a higher level
only in young rats fed LPD [9]. This observation suggests
that protein expression of renal 1-OHase is regulated dif-
ferently from its enzyme activity and that higher level of
protein expression of 1-OHase enzyme does not give higher
enzymatic activities in adult rats. Although our mechanistic
study suggests that the higher level of 1-OHase protein
expression in adult rats might be the result of an age-related
increase in stability of 1-OHase protein, the disparity in the
protein expression and actual enzyme activity of renal 1-
OHase suggest that other mechanisms might be involved in
the activation of the 1-OHase enzymes. Indeed, the activity
of 1-OHase is known to be dependent on the expression
level of 1-OHase (cytochrome P450) as well as other
components of the enzyme complex, i.e. ferredoxin and
ferredoxin reductase. Previous study by Mandel et al. [31]
reported that posttranscriptional modification (phosphoryla-
tion) of ferredoxin was also involved in the regulation of 1-
OHase activities. Thus, the disparity found between protein
and enzyme activities of 1-OHase in adult rats might be due
to the differences in the regulation of other components of
this enzyme complex, including both transcriptional and
posttranscriptional mechanisms. Future study is needed to
verify this proposed mechanism.
The mechanism involved in how dietary P regulates 1-
OHase protein and mRNA expression in young rats is
poorly understood. In a recent study, Yoshida et al. [23]
showed that hypophysectomized rat failed to induce 1-
OHase mRNA expression in response to LPD and that
administration of growth hormone but not IGF-I for 4 days
partially restored the increase in 1-OHase mRNA expres-
sion. Their results are contradictory to our previous ob-
servations [9] as well as to others [12,13] that IGF-I
Table 2
Effect of age and dietary P restriction on renal vitamin D metabolism
Results obtained from the present study are highlighted in the shaded area.
Abbreviations: 1-OHase: 25-hydroxyvitamin D 1 alpha-hydroxylase; 24-OHase: 25-hydroxyvitamin D 24-hydroxylase; ND: not determined; #: decrease;z:
increase.
W.-P. Lai et al. / Biochimica et Biophysica Acta 1639 (2003) 34–42 41replacement restored the increase in renal 1-OHase activities
in adult or hypophysectomized rats during LPD. Thus,
whether IGF-I was involved in the induction of 1-OHase
mRNA and protein expression during LPD remains to be
determined. Grieff et al. [32] has demonstrated that a drop in
serum P was found to precede the rise in serum
1,25(OH)2D3 in hypophysectomized rats fed LPD in re-
sponse to treatment with IGF-I or insulin. Their results
suggested that the decrease in serum P level, possibly as a
secondary response to IGF-I and insulin treatment, may be
an important signal in the regulation of 1,25(OH)2D3
production. In the present study, inverse relationships be-
tween serum P and 1-OHase are observed at the protein
level (Fig. 5A) during the first 5 days of LPD treatment and
at the mRNA level (Fig. 5B) during the first 3 days of LPD
treatment in young animals. Our results supported that
serum P per se is an important determinant in inducing
the expression of 1-OHase at both the mRNA and protein
level in young rats.
The mechanism involved in LPD regulation of vitamin D
metabolism appears to be complex. Table 2 summarizes the
current understanding of how age and LPD affect renal
vitamin D metabolism. Both renal 1-OHase and 25-hydroxy-
vitamin D 24-hydroxylase (24-OHase), an enzyme involved
in metabolic clearance of 1,25(OH)2D3, are known to be
involved in the regulation of circulating 1,25(OH)2D3 level
[23–25,33–38]. As shown in Table 2, renal 1-OHase
activities [9,34] and mRNA expression decreased and
protein expression increased with age; while renal 24-
OHase activities and mRNA expression [34–36] increased
with age. In the present study, serum 1,25(OH)2D3 levels
increased in response to LPD in both young and adult rats.
In young rats, the increase in serum 1,25(OH)2D3 during
LPD is the result of both an increase in 1-OHase activities
[9,23–25] and expression [23–25], as well as a decrease in
24-OHase activities and mRNA expression [37,38] (Table
2). However, the response of serum 1,25(OH)2D3 in adult
rats was slower and to a lower extent than young rats
(162.3F 21.9 vs. 110.8F 10.1 pg/ml, young vs. adult rats
fed 5 days of LPD). As shown in Table 2, it appears that the
up-regulation of serum 1,25(OH)2D3 in adult rats occurs inthe absence of an increase in its renal production [9], 1-
OHase mRNA or protein expression. Thus, the adaptive
increase in circulating 1,25(OH)2D3 level in adult rats
during LPD might involve other mechanism such as the
down-regulation of 24-OHase. The latter, however, has yet
to be proven.
It has long been thought that the control of 1,25(OH)2D3
biosynthesis plays an central role in maintaining mineral
homeostasis. The present study shows that the up-regulation
of renal 1-OHase activities by dietary P restriction involves
an induction of renal 1-OHase mRNA and protein expression
in young rats. In contrast, adult rats fail to increase renal 1-
OHase activities [9], mRNA and protein expression in
response to LPD. The increase in renal 1-OHase protein in
young rats during LPD was at least in part due to an increase
in stability of renal 1-OHase proteins. Different adaptive
responses of young and adult rats to LPD suggest that
mechanisms involved in the adaptation to mineral deficiency
in rats might change upon maturation. Further studies will be
needed to investigate the mechanisms involved in the age-
related change in renal 1-OHase regulation and to identify
other possible mechanisms that might be involved in main-
taining mineral homeostasis in adult animals.Acknowledgements
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